A microelectrode with a tip of 100,u permitting recording of the oxygen tension in the perilymphatic space according to the polarographic principle and having a minimal drift of 1 -2.5% per hour has been developed. The effects of apnea, hypo-and hyperventilation as well as those of inhalation of pure oxygen, and C02 upon the perilymphatic P02 have been measured by placing the electrode in the perilymph through the fenestrated stapedial footplate of 87 adult cats. The correlation between the arterial Pe02 and the perilymphatic P02 is so close that even hypo-or hyperventilation in presence of air does influence the oxygen content of the perilymphatic space. In view of the effect of the smallest accumulation of alveolar C02, particular attention has to be paid to the system used for respiration of the experimental animal, when determining the action of drugs or inhaled gas mixtures on the oxygenation of the inner ear fluids. The measurement of the perilymphatic oxygen tension also indicates that the rate of blood flow cannot be used to deduct with accuracy the actual degree of oxygenation of the inner ear fluids.
SUMMARY -A microelectrode with a tip of 100,u permitting recording of the oxygen tension in the perilymphatic space according to the polarographic principle and having a minimal drift of 1 -2.5% per hour has been developed. The effects of apnea, hypo-and hyperventilation as well as those of inhalation of pure oxygen, and C02 upon the perilymphatic P02 have been measured by placing the electrode in the perilymph through the fenestrated stapedial footplate of 87 adult cats. The correlation between the arterial Pe02 and the perilymphatic P02 is so close that even hypo-or hyperventilation in presence of air does influence the oxygen content of the perilymphatic space. In view of the effect of the smallest accumulation of alveolar C02, particular attention has to be paid to the system used for respiration of the experimental animal, when determining the action of drugs or inhaled gas mixtures on the oxygenation of the inner ear fluids. The measurement of the perilymphatic oxygen tension also indicates that the rate of blood flow cannot be used to deduct with accuracy the actual degree of oxygenation of the inner ear fluids.
The blood flow of the inner ear has been measured in the past years using plethysmography-" and radioactive microsphere techniques." Although some very interesting results, e.g., the powerful vasodilating action of carbon dioxide, have been established, the direct measurement of the oxygen tension in the inner ear fluids is necessary to gain more information on the precise effect of blood flow changes upon the organ of Corti. Misrahy et a1 4 in 1958 used the polarographic method to determine the endolymphatic oxygen tension in the cochlea of the guinea pig. Similar experiments have been carried out by Koide et al, 5 Tsunoo and Perlman," and Mayahara and Perlman." The aim of the present investigation was to develop a microelectrode system (to be used later on in humans) capable of measuring the oxygen tension in the perilymphatic space according to the polarographic principle. This system has' been applied to analyze the relationship between oxygen tension in the vestibular perilymph and arterial CO 2 •
METHODS AND MATERIALS
Eighty-seven adult cats weighing 2.5 to 3.5 kg were used. The animals were anesthetized with pentobarbiturate, intubated and mechanically respirated using a nonrebreathing method with Y-tube after immobilization with intravenous muscle relaxants. The oxygen tension in the perilymph was measured according to the polarographic principle, using a Pt and Ag-AgCl electrode with a recessed tip of 100,u in diameter. 0 The microelectrode -which was used several times after electrical etching -was placed in the perilymph through the fenestrated footplate using a micromanipulator. The amplifier used for recording the changes in current produced by different oxygen tensions is shown in Figure 1 . The current changes were recorded on a W -W recorder. 0 0 The characteristics of the oxygen measuring system are shown in Table I The arterial pressure and the rectal temperature were also monitored simultaneously.
RESULTS

Effect of Hypo-and Hyperventilation.
Hypoventilation produces an increase in the perilymphatic oxygen tension and hyperventilation is followed hy the opposite effect (Fig. 2 ). The increase of perilymphatic P02 after hypoventilation is accompanied by a drop of the arterial P02 and an increase in the arterial PC02' The reverse occurs during hyperventilation.
Effect of Inhalation of Pure Oxygen.
The inhalation of pure oxygen is followed by an increase of the perilymphatic oxygen tension. The perilymphatic P02 increases in average from 34.6 mmHg to 74.0 mmHg (p<O.OOl, N=21). The time needed to reach the maximal value of Pm following inhalation of pure oxygen is of 4 -14 minutes (average 8 min).
Hyperventilation during inhalation of pure oxygen is followed by a decrease in perilymphatic P02 ( Fig. 3,) Hypoventilation produces the opposite effect.
Effect of Inhalation of CO!. The addition of 7% CO 2 to the inhaled air is followed by a remarkable increase of perilymphatic P02 from 30.4 to 47.6 mmHg (p<O.OOl, N = 9) in 9 -20 minutes (average 14 min). The inhalation of 7% CO 2 increases the perilymphatic oxygen tension even in hypoxia produced by inhalation of 15% O 2 (Fig. 4 ). Hyperventilation during inhalation of 7% CO 2 is followed by a further elevation of the perilymphatic P02' This effect is probably due to the increased oxygen supply due to hyperventilation. The same effect was observed when pure oxygen was administered with 5 -10% CO 2 (Fig. 5 ). The perilymphatic P02 increased from 37.8 to 136.2 mmHg (p<O.OOl, N = 14) in 9 -21 minutes Temperature coefficient
Average polarizing current through the electrode in air equalibrated solution (21% 0,) Linear increase of PO, tension and electrode current between 0 to 750 mmHg limit of resolution Drift of the electrode current 0.9 sec to 95% full scale 1.7% per Co . . . . Fig. 4 . Effect of inhalation of 7% CO 2 , Note that the inhalation of 7% CO? increases the perilymphatic Pm, even in hypoxia produced by inhalation of 15% O2• Hyperventilation during inhalation of 7% C02 is followed by a further elevation of the perilymphatic P0 2• 6) . This last phenomenon is proportional to the duration of the apnea and is probably related to the accumulation of CO 2 occurring during the latter condition.
The overshooting of the perilymphatic P02 after apnea depends also upon the rate of the subsequent ventilation and is faster when hyper-and slower when hypoventilation is following the stop of respiratory movements. If the animal inhales 7% CO 2 and air, apnea causes no or a very reduced overshooting of perilymphatic P02' This observation indicates that the accumulation of CO 2 during apnea has no or only a minimal influence upon the rather high concentration of CO 2 attained during inhalation of 7% CO 2 , On the other hand, apnea after inhalation or pure oxygen does increase the perilymphatic oxygen tension (Fig.  7) . This phenomenon is produced by the carbon dioxide accumulation occuring in presence of high oxygen tension. Of course, the elevation of the oxygen tension produced by apnea following inhalation or pure oxygen begins to decrease if the duration of apnea is prolonged.
Anoxia produced by the inhalation of 100% nitrogen gas is not followed by an overshooting of the perilymphatic oxygen tension as seen after apnea (Fig.  8 ). This effect is in good harmony with the above mentioned results. In fact, during inhalation of 100% nitrogen, carbon dioxide is continuously exhaled if Fig. 6 . Effect of apnea after inhalation of air. Note that the end of the apnea is followed by an overshooting of the perilymphatic oxygen tension proportional to the duration of the apnea. the nonrebreathing method with Y-tube is used. The difference in exhalation of carbon dioxide explains therefore why apnea influences the oxygen tension of the perilymph in a different manner than anoxia produced by inhalation of 100% nitrogen.
DISCUSSION
The presented results confirm that the perilymphatic oxygen tension is mainly influenced by the amount of carbon dioxide present in the arterial blood. The determinant role of small accumulations of alveolar carbon dioxide is clearly demonstrated by the fact that in hypoxia the perilymphatic oxygen tension reaches far higher values than during inhalation of 21% oxygen (air) in spite of the reduced oxygen supply (Fig. 4) , and by the fact that in hypoxia the Apn(>a perilymphatic oxygen tension is raised again when 7% CO 2 is added to the inhaled gas mixture (Fig. 4) .
The observation that apnea following inhalation of pure oxygen increases the perilymphatic oxygen tension in presence of reduced arterial P02 has to be also related with the concomitant accumulation of alveolar carbon dioxide (Fig. 7) .
The very close correlation between perilymphatic oxygen tension and arterial carbon dioxide explains why, according to our measurements, the perilymphatic P02 increases during hypoventilation and decreases during hyperventilation (Fig. 2 ). Misrahy et a1 1 have written that "rapid and slow breathing respectively increased and decreased the oxygen tension in the endolymph." The discrepancy between Misrahy's observation and our results is most probably due to the difference of alveolar carbon dioxide in the experimental animals. In fact, whereas the nonbreathing method with Y-tube used in our experiments excludes an accumulation of carbon dioxide in the inhaled gas mixture," no mention of the technique used for animal respiration is found in the paper of Misrahy et a1. 4 It is unlikely that the minimal fluctuation in perilymphatic oxygen tension occurring during different ventilation rates can produce functional disturbances in a normal inner ear. According to Tsunoo and Perlman," and to Misrahy et al,9 the cochlear microphonics and action potentials are not altered unless the oxygen tension in the perilymph drops to less than 60% of the normal value. The maximum reduction or respective increase of perilymphatic P02 obtained by hyper-and hypoventilation was in our experiments only of minus 7.5% or respectively plus 11.2%. These changes cannot be of functional importance in a normally vascularized inner ear in view of the existing surplus of oxygen.
The phenomenon of overshooting of the perilymphatic tension occurring after apnea has to be related to the accumulation of alveolar carbon dioxide during this latter condition since its extent depends upon the duration of apnea. The overshooting of perilymphatic P 0 2 is also influenced by the amount of oxygen inhaled following the apnea. A faster drop of perilymphatic Fig. 8 . Effect of apnea. Note that anoxia produced by the inhalation of 100% nitrogen gas is not followed by an overshooting of the perilymphatic oxygen tension as after apnea.
P02 without overshooting (Fig. 8) is, in fact, observed when apnea is followed by inhalation of 100% nitrogen (anoxia) .
In contrast to the results obtained under similar conditions by Tsunoo and Perlman," in our experiments the drop of P02 observed after apnea was slower than that recorded after anoxia. Here again the avoidance of accumulation of alveolar COo due to the use of a non-rebreathing~ethod with Y-tube could account for the apparent discordance.
According to the plethysmographic study of Morimitsu et al, l the inhalation of pure oxygen produces a reduction in cochlear blood flow. This observation is in contrast to that of Tsunoo and Perlman," who recorded an increase in perilymphatic oxygen tension without significant change in the strial blood flow during inhalation of 100% oxygen.
In our experiments the inhalation of pure oxygen was followed by an increase of perilymphatic P02 reaching 114%. This observation is in accordance with that of Tsunoo and Perlman" and shows how difficult it is to relate changes in blood flow -as determined, e.g., by plethysmography -with the corresponding degree of oxygenation of the inner ear fluids. This is understandable since carbon dioxide does not only affect the cochlear blood flow, but also the cerebral circulation and the volume of oxygen dissociation from the hemoglobin. 10 In view of the close correlation between arterial PC02 and perilymphatic P02 and considering the effect of inhalation of pure oxygen, it is not surprising that the largest increase of perilymphatic oxygenation has been obtained by the inhalation of 5 -10% CO 2 in 95 -90% O 2 • Attention should, however, be paid to the fact that inhalation of a gas mixture containing more than 7% CO 2 should not be used in humans.l!
Investigations of Biihlmann et al 12 have
shown that the inhalation of 10% carbon dioxide in humans can produce very severe adverse effects due to the resulting powerful increase of the intracranial pressure. CONCLUSIOlliS A microelectrode system capable of recording the perilymphatic oxygen tension repeatedly and with a minimal drift of 1 -2.5%/hour has been developed according to the polarographic principle. The measured correlation between arterial carbon dioxide and perilymphatic oxygen tension is so close that -in presence of air -even small changes of the respiratory rate (hypoor hyperventilation) were able to influence the oxygenation of the inner ear fluids. In view of the repeatedly observed effects of the smallest accumulations of alveolar CO 2 on the oxygen content of the perilymphatic space, particular attention has to be paid to the method used for respiration in evaluating the effects of inhaled gas mixtures upon the Poe of the perilymph. The direct determination of the perilymphatic Poz has shown that blood-flow measurements do not always correlate with the degree of oxygenation of the inner ear fluids. This is understandable since the oxygenation of the perilymph is also depending upon the changes in blood flow occurring in the intracranial area and in the general circulation. Furthermore, carbon dioxide is not only a vasodilating agent but also influences the volume of oxygen dissociation of thc hemoglobin.
The largest increase of perilymphatic Poz has been observed to occur after inhalation of 5 -10% CO z in 90% -95% Oz. Although no adverse effect of inhalation of 10% CO·, has been seen in the experimental animal, the inhalation of more than 7% CO') in humans should be avoided becaus~of the resulting dangerous acidosis and excessive increase in intracranial pressure.
